INTRODUCTION {#sec1-1}
============

Threatening cases of liver disorder such as fatty liver, fibrosis, and cirrhosis were associated by alcohol consumption. In spite of world-wide need for liver-protective agent against ethanol, medicines to satisfy our expectation have not yet existed. Accordingly, various natural products have been attempted to search hepatoprotective activities. *Opuntia ficus-indica* (Cactaceae) is found on Jeju Island in Korea, which is widely cultivated for the use in food additives and supplements such as juice and cookie. Its traditional uses have been known, which are hypertension, asthma, burns, edema, and indigestion.\[[@ref1]\] It has also been reported its biological activities such as hypoglycemic effect, reduction of gastric damage, anti-allergic effect, and enhancement of long-term memory.\[[@ref2][@ref3][@ref4][@ref5][@ref6][@ref7]\] With these activities, *O. ficus-indica* extracts (OFIEs) were introduced as reducing hangover symptoms, apparently by inhibiting the production of inflammatory mediators.\[[@ref8]\] Animal experiments also supported its liver protective activity.\[[@ref9][@ref10][@ref11][@ref12]\] In the context of its phytochemical composition, the reddish fruit is rich source of natural pigments, betalains.\[[@ref13]\] With betacyanin compounds, various flavonoids and megastigmane glycosides from this plant also previously have been reported.\[[@ref14][@ref15]\] There are already ample reports on the separation of various natural products; however, we first focused on the isolation of hepatoprotective compound in OFIEs by high-speed countercurrent chromatography (HSCCC). HSCCC invented by Ito is attractive methodology in separation of natural products.\[[@ref16]\] Among advantages using HSCCC, one of important merits is that HSCCC does not need any solid phase support, so no loss of sample by irreversible adsorption occurrs in solid absorbents. Also, HSCCC shows more reproducible and more rapid separation with high reproducibility than conventional column chromatography such as opened column chromatography because it is controlled by well established solvent system. With these benefits of HSCCC, many researchers have isolated compounds from various natural materials with saving time and costs. In this study, preparative HSCCC apparatus was performed for successful isolation of major flavonoids in OFIEs. Isolated compounds were evaluated their protective activities in hepatocytes against oxidative stress due to ethanol exposure.

MATERIALS AND METHODS {#sec1-2}
=====================

Preparation of *Opuntia ficus-indica* fruit extracts {#sec2-1}
----------------------------------------------------

The fruits of *O. ficus-indica* were collected from Jeju Island (Republic of Korea). A voucher specimen (DW-1) has been deposited at the Herbarium of Medicinal Plant Garden, College of Pharmacy, Seoul National University (Goyang, Korea). The dry powdered fruit of *O. ficus-indica* (5 kg) was extracted with 70% ethanol (10 L) three times. After removal of the solvents by evaporation, the residue (385 g) was suspended in distilled water and then successively fractionated with methylene chloride to remove lipids. The water-soluble fraction was fractionated with *n*-butanol (1.5 L, repeat 3 times). Major flavonoids were in *n*-butanol fraction while high-polar compounds were removed to water fraction. The *n*-butanol fraction was evaporated, lyophilized, and stored in a refrigerator before use.

Determination of *K* (partition coefficient) values using high-performance liquid chromatography {#sec2-2}
------------------------------------------------------------------------------------------------

Approximately 5 mg of *n*-butanol fraction was weighed in a 20 ml test vial into which 3 ml of each phase of the preequilibrated two-phase solvent system was added. The test vial was shaken violently for several minutes to get equilibrium. The upper and lower phases were separated and evaporated under N~2~ gas, respectively. Dried residues of each phase were dissolved in methanol of 1 mL and analyzed by high-performance liquid chromatography ultraviolet (HPLC-UV). The *K* value was obtained by the ratio of peak area between upper and lower phase. The analytical HPLC-UV system consisted of a Finnigan Surveyor HPLC system with a pump, an autosampler, a PDA detector and the Finnigan LCQ Advantage MAX with the Xcalibur^®^ software (Thermo Fisher Scientific Inc., MA, USA). All of analytes were analyzed by an Ascentis^®^ Express C~18~ column (150 × 4.6 mm, I.D., 2.7 μm, Supelco Analytical, Bellefonte, PA, USA) with the following gradient system: water with 0.5% formic acid (v/v) (A) and acetonitrile (B); gradient program: 10% B to 90% B, 0--25 min; 90% B to 10% B. Flow rate was set to be at 0.3 mL/min, and all samples were injected with the volume of 10 μL.

Preparation of two-phase solvent system and sample solution {#sec2-3}
-----------------------------------------------------------

After determination of *K* value by HPLC-UV, the two-phase solvent system was selected: methylene chloride-methanol-*n*-butanol-water (5:4:3:5, v/v/v/v). The solvent system was thoroughly equilibrated in a separation funnel by repeatedly vigorously shaking at room temperature, and then separated shortly before use. The *n*-butanol fraction was dissolved in 5 mL of each phase of selected solvent system for HSCCC separation (1000 mg). The fraction was dissolved before use.

High-speed countercurrent chromatography separation procedure {#sec2-4}
-------------------------------------------------------------

The mobile phase of solvent system was selected to organic lower phase. The multilayer coil column was filled first with the stationary phase. Then, the mobile upper phase was pumped into the column by a chromatographic pump (L-6200, Hitachi, Japan) at a flow rate of 3 mL/min while preparative HSCCC apparatus (TBE-1000A, Shanghai Tauto Biotech, Co., Ltd., China) was rotated at a revolution speed of 500 rpm. After hydrodynamic equilibrium was established, prepared sample solution was subjected to HSCCC apparatus. The monitoring of HSCCC peak fractions was performed by combining effluent line of the HSCCC apparatus to the UV detector (UV/VIS-151, Gilson Inc., Middleton, WI, USA) at 330 nm. The eluent from the UV detector was collected by a fraction collector (FC-204, Gilson Inc.) in 3 min per each test tube. HSCCC systems were kept the internal column temperature at 25°C by circulatory temperature regulator (RW-0525G, Jeio Tech., Korea).

Identification of isolated peak fractions {#sec2-5}
-----------------------------------------

HSCCC peak fractions were identified by comparing their ^1^H, ^13^C NMR, and ESI-MS spectroscopic data with literature values. The optical rotation value was measured to determine the absolute configuration of compound 2 by polarimeter (FT-6500, JASCO Corp., Tokyo, Japan). ^1^H and ^13^C NMR spectroscopic data were obtained on a JEOL LA 300 spectrometer at 300 MHz and 75 MHz, respectively. ESI-MS spectroscopic data were obtained on the Finnigan LCQ advantage MAX with the Xcalibur^®^ chromatographic software.

Evaluation of rat hepatocyte protective activities {#sec2-6}
--------------------------------------------------

Male Sprague Dawley rats were purchased from Koatech Co., Ltd. (Yongin, Korea) with body weights of 200--250 g, housed in conventional cages (two per each cage) at room temperature under a 12 h light-dark cycle and fed *ad libitum* with free access to water. Isolated rat hepatocytes were prepared from male Sprague Dawley rats by collagenase perfusion technique of Berry and Friend, by means of minor modifications.\[[@ref17]\] The isolated rat hepatocytes were plated onto each cell culture dishes (35 mm × 10 mm, 4 × 10^5^ cells/dishes). After 18 h, the cultured cells were treated with or without each sample for 2 h. Then, the hepatocytes were exposed to 200 mM ethanol for 48 h to induce hepatotoxicity.\[[@ref18]\] Cell viability was detected by MTT assay which relies on mitochondrial metabolic capacity of viable cells. Prepared MTT solution (0.2 mL, 5 mg/mL in PBS) was added into each plate after 48 h incubation. After 2 h, the supernatant was removed and 0.6 mL of DMSO was added to each plate to dissolve the formazan crystals. The absorbance was measured by spectrophotometer (Spectra Max340PC, USA) at 540 nm. Data were expressed as the value of relative protection (%) calculated as 100 × (value for the ethanol-treated − value of sample)/(value for the ethanol-treated − value of control). Quercetin was chosen as a positive control against ethanol-intoxicated oxidative stress.\[[@ref18]\] All animal procedures were approved by the Institutional Animal Care and Use Committee at Seoul National University and conducted with special care taken to avoid any undue animal pain or suffering.

Cellular glutathione content and activities of related enzyme assay {#sec2-7}
-------------------------------------------------------------------

Cells from culture plates were pooled in 2 mL of 0.1 M phosphate buffer (pH 7.4) and homogenized. The homogenate was centrifuged for 25 min at 3000 *g* at 4°C and the supernatant was collected for the measurements of antioxidant enzyme and glutathione contents. Total glutathione (GSH + oxidized glutathione \[GSSG\]) in the supernatant was determined spectrophotometrically using the enzymatic cycling method.\[[@ref19]\] Glutathione reductase (GR) activity was measured according to the method based on the reduction of GSSG by GR in the presence of NADPH. The activity of glutathione peroxidase (GPx) was determined by quantifying the rate of oxidation of GSH to GSSG using cumene hydroperoxide.\[[@ref20][@ref21]\] Each value was shown the mean ± standard deviation (SD) of three experiments.

Statistical analysis {#sec2-8}
--------------------

One-way analysis of variance procedures were used to assess significant differences among control groups and treatment groups. For each significant effect of treatment, the Student\'s *t*-test was used for comparisons of multiple group means. The criterion for statistical significance was set at *P* \< 0.05, 0.01, or 0.001. The calculations were performed with the SAS 9.1 software (SAS Institute Inc., Cary, NC, USA).

RESULTS AND DISCUSSION {#sec1-3}
======================

Selection of high-speed countercurrent chromatography solvent system {#sec2-9}
--------------------------------------------------------------------

Through several trials with the change solvent systems, as shown in [Table 1](#T1){ref-type="table"}, the *K* values of flavonoids were in the range of 0.2 \< *K* \<2 in the solvent system comprising methylene chloride-methanol-*n*-butanol-water (5:4:3:5, v/v/v/v). Chemical structures of flavonoids are shown in [Figure 1](#F2){ref-type="fig"}.

###### 

The K (partition coefficient) values of compound 1-4 in different solvent systems

![](PM-13-472-g002)

![Chemical structures of isolated flavonoids in *Opuntia ficus-indica* fruit extracts](PM-13-472-g003){#F2}

High-speed countercurrent chromatography separation {#sec2-10}
---------------------------------------------------

Four flavonoids were successfully separated by HSCCC. Quercetin 3-*O*-methyl ether (1, 312--251 min, 18 mg), (+)-taxifolin (2, 381--396 min, 11 mg), isorhamnetin 3-*O*-β-*D*-glucoside (3, 411--450 min, 7 mg), and narcissin (4, 462--522 min, 17 mg) were obtained \[[Figure 2](#F3){ref-type="fig"}\]. The purity of isolated flavonoids was \>90% as evaluated by HPLC-UV at 330 nm \[[Figure 3](#F4){ref-type="fig"}\]. The structures of all compounds were confirmed by ESI-MS, ^1^H, and ^13^C NMR spectra by comparing previous literature.\[[@ref22][@ref23]\] The measured optical rotation value of compound 2 was + 40.1 (25°C, c = 0.3 in methanol) that confirm its structure to (+)-taxifolin. Spectroscopic data of quercetin 3-*O*-methyl ether (1), (+)-taxifolin (2), isorhamnetin 3-*O*-β-*D*-glucoside (3), and narcissin (4) were in agreement with published data (T1, 2 and F1 in Supplementary material).

![High-speed countercurrent chromatography chromatogram of the *Opuntia ficus-indica* fruit extracts n-butanol fraction. Solvent system consists of methylene chloride-methanol-n-butanol-water (5:4:3:5, v/v/v/v). 1,000 mg of *n*-BuOH fraction (dissolved in 5 mL of each phase of the solvent system) was injected; flow rate of 3 mL/min; rotation speed of 500 rpm; retention of stationary phase in (A) and (B) were approximately over 50%](PM-13-472-g004){#F3}

![High-performance liquid chromatography chromatograms of the (a) crude *n*-butanol fraction and (b) collected compounds by high-speed countercurrent chromatography. High-performance liquid chromatography experimental condition: an Ascentis® Express C18 column (150 mm × 4.6 mm, I.D., 2.7 μm, Supelco Analytical, USA), with the following gradient system was used: water with 0.5% formic acid (v/v) (a) and acetonitrile (b); gradient program: 10% B to 90% B, 0--25 min; 90% B to 10% B. Flow rate was set to be at 0.3 mL/min. All samples were injected with the volume of 10 μL](PM-13-472-g005){#F4}

Evaluation of rat hepatocyte protective activities {#sec2-11}
--------------------------------------------------

Before evaluation of hepatoprotective activities, OFIEs showed no cytotoxic effect comparing with the control group (at 100 μg/mL of the extract, not shown). The OFIEs, its *n*-butanol fraction, and all of isolated flavonoids exhibited protective activities \[[Figure 4](#F5){ref-type="fig"}\]. Among them, (+)-taxifolin (2) was showed the most significant protective activity (55.3% at 50 μM), which is higher than the level of 100 uM quercetin (47.3%). To elucidate the biochemical mechanism of the hepatoprotective activity of the (+)-taxifolin, their effects on the level of cellular GSH and activities of related enzymes (Gpx and GR) were measured. As shown in [Table 2](#T2){ref-type="table"}, (+)-taxifolin preserved activities of Gpx and GR and elevated the level of reduced GSH against ethanol.

![Protective effects of *Opuntia ficus-indica* fruit extracts and n-BuOH fraction, isolated compounds (1--4), and quercetin (positive control) on intoxicated hepatocytes by ethanol exposure. Each value represents the mean ± standard deviation (*n* = 9). ^\#\#\#^Differs significantly from the untreated, control group at the level of *P* \< 0.001. \*,\*\*,\*\*\*Differs significantly from ethanol-treated group at the level *P* \< 0.05, 0.01, and 0.001, respectively (analysis of variance test)](PM-13-472-g006){#F5}

###### 

Effect of (+)-taxifolin 50 μM on the oxidized glutathione/glutathione ratio and activities of glutathione reductase, and glutathione peroxidase on hepatocytes damaged by alcoholic oxidative stress

![](PM-13-472-g007)

CONCLUSION {#sec1-4}
==========

Major flavonoids in OFIEs, quercetin 3-*O*-methyl ether (1), (+)-taxifolin (2), isorhamnetin 3-*O*-β-*D*-glucoside (3), and narcissin (4) were successfully separated by HSCCC. Among isolated compounds, (+)-taxifolin exhibited significant protection on hepatocytes against alcoholic oxidative stress. Effects of cellular glutathione and related enzymes indicate that the hepatoprotective activity of (+)-taxifolin may be due to maintaining the level of GSH. This result would be attributed to the powerful anti-oxidative activity of taxifolin.\[[@ref24][@ref25]\] To sum, OFIEs and its active compound, (+)-taxifolin were suggested to reduce hepatic damage by alcoholic oxidative stress. Biological relevance of the (+)-taxifolin *in vivo* needs to be studied further.
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